We have shown that adenosine administration is capable of reversing fibrosis in the carbon tetrachloride-induced rat cirrhotic liver, stimulating the diminished proliferative potential of the cirrhotic liver. In order to characterize adenosine actions on liver cellular proliferation, we used rats subjected to one-third partial hepatectomy (PH). In PH-animals and acutely administered with adenosine (25 to 200 mg/kg b.w.), parameters indicative of cell proliferation were determined. In addition, hepatocyte (HGF), epidermal (EGF) and transforming (TGF-α) growth factors, cyclins, members of the E2F family, protooncogenes, and adenosine-receptors were determined through Western blot analyses.
JPET #156620 INTRODUCTION
Liver regeneration represents proliferation of highly differentiated cells in order to rapidly reconstitute the original functional mass of the organ even after 70% partial hepatectomy (PH) in rats. During regeneration, liver functions are compromised and limited to the minimum, depending on an equilibrium between the essential functions and the rate of cell proliferation tightly controlled in the remnant liver (Michalopoulos and De Frances, 1997) .
The PH has been a useful model to study liver regeneration for many years, given an ordered and synchronized proliferation of hepatic cells, and involving various phases of the cell cycle (Michalopoulos and De Frances, 1997) . In rats subjected to PH, it is possible to establish different thresholds of proliferation, proportional to the extent of the removed liver mass. Indeed, one-third PH produces a low proliferative burst, with diverse metabolic changes that differ from the maximum achieved with two-thirds PH (Hernández-Muñoz et al., 2003; López-Valencia et al., 2007) , being useful to assess effects of drugs with presumably stimulatory or inhibitory actions on cell proliferation.
We reported previously that adenosine administration (200 mg/kg b.w., i.p. administered three times at week) can reverse a pre-established micronodular cirrhosis, induced in rats by chronic CCl4 treatment. The beneficial action of the nucleoside seems to rely on three major effects: an enhanced liver collagenolytic activity, recovery of the mitochondrial function, and restoration of the cell proliferative potential of the cirrhotic liver (Hernández-Muñoz et al., 1992; 1994; 2001) . However, the mechanisms underlying the stimulatory effect of adenosine on hepatocyte proliferation remain elusive, being extremely difficult to establish a cause-effect relationship. Adenosine administration increases liver thymidine kinase (TK) activity, mitosis, and the expression of the proliferating cell nuclear antigen (PCNA) in cirrhotic rats, which readily indicate active liver cell proliferation (Hernández-Muñoz et al., 2001) . However, the large temporal windows in the generation This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 28, 2009 as DOI: 10.1124 at ASPET Journals on January 15, 2018 jpet.aspetjournals.org Downloaded from JPET #156620 5 and recovery in the CCL4-induced cirrhosis model in rats, does not allow us to study the time-course of adenosine-induced stimulation of cell proliferation, and the putative mechanisms involved here. Hence, the present study was addressed at assessing adenosine effects on liver regeneration induced by one-third PH, where the temporal sequence of proliferative events has been well characterized.
Based on the aforementioned, we think that adenosine (directly or indirectly) can modify the progression of the cell cycle in hepatocytes already primed to proliferate.
Hence, the main goal of the present study was to assess the effects of adenosine administration on the mechanisms involved in the PH-induced liver regeneration, mainly focused on the expression of cyclins and transcriptional factors involved in cell cycle progression to gain some insight about what is occurring at the onset of rat cirrhosis, where adenosine has shown a clear anti-fibrotic action (Hernández-Muñoz et al., 2001) .
Results strongly suggest that the nucleoside is capable of readily modulating liver regeneration through a direct effect involving regulators of the cell cycle, similarly to that reported for other purine-related molecules, such as caffeine and S-adenosyl-methionine, as metabolic switches of the hepatocyte function (Bode and Dong, 2007; Martínez-Chantar et al., 2006; Pascale et al., 1991) .
METHODS

Materials.
All antibodies used in this study were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The enhanced chemiluminescence system (ECL plus) was from Amersham (Buckinghamshire, England). The biotin-avidine system and the BCA kit detergents compatible were obtained from Pierce (Rockford, IL).
Animal Treatments. Male Wistar rats, weighing between 230-250 g, were housed in separated groups of 4 to 5 animals, with free access to lab chow and water in a 12:12 hour light/dark cycle. All procedures were conducted in accordance with the Institutional Guide for Animal Experimentation (National University of Mexico). Animals were subjected to one This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 28, 2009 as DOI: 10.1124 at ASPET Journals on January 15, 2018 jpet.aspetjournals.org Downloaded from JPET #156620 6 third-PH under light ether anesthesia, according to the technique described by Webber et al. (1993) . Other PH-groups were treated with adenosine (as a single intraperitoneal administration ranging from 25 to 200 mg/kg of body weight, immediately after surgery).
The control group consisted in sham-operated rats. Animals were euthanized at selected times, and blood serum and liver samples were collected.
Liver subcellular fractionation. Liver total homogenate was obtained in a lysis buffer containing 20 mmol/l HEPES (pH 7.5), 5 mmol/l MgCl2, 25 mmol/l KCl, protease inhibitor cocktail, 1.4% SDS, 0.5% sodium deoxycholate, and 2% NP-40. The cytosolic and plasma membrane fractions were isolated according to the protocol described by Aguilar-Delfín et al. (1996) . Membrane proteins were solubilized in a buffer solution containing 100 mmol/l Tris-HCl (pH 7.4) and protease (Roche, Mexico, D.F.), as well as phosphatase inhibitor cocktails (SIGMA, St. Louis, MO), 0.1% SDS, 0.05% triton X-100, sodium 0.05% deoxycholate. In the cytosolic fraction, the activity of TK was measured with [ Purification of liver nuclei and nuclear proteins preparation. Nuclear fraction was obtained by the method reported by Sindic et al. (2001) . Briefly, livers were homogenized in cold 10 mmol/l HEPES buffer (pH 7.5), containing 5 mmol/l MgCl2, 25 mmol/l KCl, and the protease inhibitor cocktail. Homogenates were spun through a discontinuous sucrose gradient, and re-suspended in the indicated medium (Sindic et al., 2001 were blocked with 1% casein, 1% and 0.3% gelatin in PBS-0.15%-Tween-20 buffer. Then, the nitrocellulose membranes were incubated with mono or polyclonal antibodies (each case indicated) against: PCNA, nuclear Ki-67 antigen, cyclins D1, E, A, B1, p21, p27, E2F-1, E2F-3, as well as against c-myc, c-fos, and c-jun overnight at 4°C. In addition, the goat polyclonal for A3 adenosine receptor, rabbit polyclonal for A1 adenosine receptor, rabbit polyclonal for A2b receptor, and mouse monoclonal for A2a receptor, were also used.
Thereafter, nitrocellulose membranes were washed five times with PBS-0.15%-Tween-20 and probed with polyclonal anti-rabbit, -mouse or goat IgG1 bound to HPR (0.2 μ g/ml)
during 70 min at room temperature. The membranes were now incubated with ECL-Plus and exposed on a photographic film. The images obtained were captured in a Gel Doc XR photo documenting system and analyzed with Quantity One software version 4.6.0 to obtain the densitometry plots. Calculations and statistical analysis. The gain of liver mass as a function of time after surgical resection, was calculated as described by Diehl et al. (1990) . All comparisons were done between means of the PH group and those of PH plus adenosine group, using Sigma Stat Software package vers. 3.5 for PC.
RESULTS
Effects of several adenosine dosage on some parameters indicative of liver cell proliferation when administered to PH-rats. One third-PH induced maximum increases of TK activity (5.3 ± 0.8 times over control) and of mitotic index (13.0 ± 3.5 times over control), at 24 h and 48 h post-surgery, respectively (Table 1 ). In addition, we recorded a recovery of 10.5 ± 1.2 % of the original lost mass (30%), 72 h after PH (Table 1) . Administration of adenosine to these animals increased even more the parameters indicative of liver proliferation. With the lowest doses tested (25 mg/kg b.w.) the effects were discrete and non-significant statistically, but in the range of 50 to 100 mg, we achieved a significant increase of liver regeneration over rats only subjected to one-third PH (Table 1) . Unexpectedly, the highest adenosine doses (200 mg/kg b.w.) did not promote the maximum proliferative response ( Table 1 ) that it could be anticipated. Hence, we selected the dose of 100 mg/kg of body weight to be administered to PH-rats, in order to find out possible mechanisms involved in the stimulatory action of the nucleoside on liver regeneration. Indeed, this adenosine dosing administered to rats undergoing one-third PH, elicited a "robust" mitotic response as early as 24 h after surgery (for this experimental PH model), which was evidently higher than that found in PH-rats receiving the adenosine vehicle ( Fig. 1 ). This stimulated mitosis in the remnant liver from PH-rats and induced by the nucleoside was almost similar to that found in rats subjected to a larger PH (70% of liver mass; data not shown). In the Fig. 2 , it is depicted the time-course of the adenosine effects on the mitotic index, expression of PCNA and Ki-67. Whereas we found a mitotic peak at 48 h after surgery, in those animals concomitantly treated with adenosine, the maximum mitotic peak was achieved 24 h earlier. The effect of the nucleoside was also evident on PCNA expression, since adenosine increased its levels more than three times over the group with PH alone (24 h after surgery; Fig. 2B ). Mitotic cells were scanty in control rats and adenosine treatment had no effect (Table 1 , Fig 2A) . In addition, the nuclear Ki-67 antigen was progressively increased after PH, reaching a maximum peak at 72 h after surgery, which was also significantly increased by adenosine treatment at the time of the maximum mitotic index found in these remnant livers (48 h post-PH; Fig. 2C ).
Effects of PH and adenosine treatment on expression of cyclins, p21, and p27. The PH-induced pattern of cyclins expression (namely D1, E, A, and B1), which are considered as main regulators of the cell cycle, was modified by the adenosine treatment (Fig. 3) . Adenosine administration moved forward the increased levels of cyclins D1 and E (12 h after PH), enhancing their expression in 5-and 10-fold, respectively, when compared to rats only hepatectomized ( Fig. 3A and B), whereas expression of cyclins A and B1 was less affected by the nucleoside (Fig. 3C and D) . Adenosine also increased the nuclear amount for the p21/cip/kip protein, a cell cycle inhibitor, even higher than in the PH alone (Fig. 3E ). In addition, PH-induced enhancement of the p27/cip/kip protein was potentiated by treatment with the nucleoside (Fig. 3F ). Sham-operated controls did not change expression of these proteins in function of the time, and adenosine administration to these control rats did not significantly modified these parameters (not shown).
Effects of PH and adenosine treatment on expression of phosphorylated Rb protein
and of the transcriptional factors E2F-1 and E2F-3 and on formation of the DP-1 complex. The main target of the complex cyclin E/cdk-2 and that of cyclin A/cdk-2 is phosphorylation of Rb proteins, which release the transcriptional factors E2F, and form the functional heterodimer DP-1 (Fig. 4) . The amount of phosphorylated Rb protein (ser 795) in liver homogenates increased since 12 h post-surgery up to 4 times, when compared with the sham control. However, adenosine treatment to these animals, partially blocked the PH-induced enhancement in the expression of pRb protein (24 to 72 H post-surgery; Fig. 4A ). Expression of E2F-1 expression was progressively increased from 10-to 60-fold, peaking at 48 h post-PH, as compared to control rats, and adenosine treatment promoted even higher E2F-1 expression (12-24 h after surgery), and elicited a mirrorimage at later times (48-72 h post-PH; Fig. 4B ). The PH induced a progressive increase in the E2F-3 expression, peaking at 24 h, and abruptly declining thereafter, whereas adenosine decreased this PH-induced effect (Fig. 4C) . Hence, the complex DP-1 formation increased with two maximum peaks at 12 h and 72 h post-PH, respectively.
Adenosine reduced the maximum DP-1 expression without modifying its time-course ( Effects of PH and adenosine treatment on serum HGF, liver HGF-activator, and cmet receptor level. Liver plasma membrane levels for c-met receptors were increased early (12 h after PH) remaining increased at 72 h after surgery (Fig. 5A) ; this effect was associated with an enhanced expression of the activator for HGF (a serine-protease) induced by the PH (Fig. 5B) . Administration of adenosine to PH-rats unexpectedly decreased both parameters ( Fig. 4A and B) . In addition, we observed an early increase in the hepatic level for HGF (12 h after PH); the nucleoside decreased also early expression of liver HGF, increasing this protein level at 72 h post-PH (Fig. 5C ). In contrast, with the other parameters measured, adenosine did increase serum HGF levels in sham-operated animals ( Fig. 5D ). The PH greatly enhanced serum HGF level with a maximum peak early at 12 h after surgery, which decline slowly but being significantly higher 72 h after PH (Fig.   5D ). Concomitant administration of adenosine induced a second peak, clearly observed 3 days post-PH (Fig. 5D ).
Effects of PH and adenosine treatment on liver expression of c-fos, c-jun, and cmyc.
The expression of proto-oncogenes c-fos, c-jun, and c-myc during the first minutes after liver resection was examined (Fig. 6) . We found that adenosine reduced by half the PHinduced elevation of nuclear c-fos level, whereas that for c-jun was not affected (Fig. 6A and B). On the contrary, c-myc was promptly translocated into the nucleus (30 min after surgery) in control animals receiving adenosine (Fig. 6C) , and nuclear level of c-myc was constantly increased after PH, then accelerating its expression (Fig. 6C) .
Effects of PH and adenosine treatment on liver expression for adenosine receptors.
Adenosine-receptors subtypes A1, A2a, A2b, and A3 in liver homogenates were quantified through western-blot assays (Fig. 7) . All these receptors for adenosine were expressed in control livers, thus being detectable through WB analysis. Neither, A1, A2a, nor A2b adenosine-receptors were significantly changed by either PH or adenosine administration (Fig. 6) . Despite there were detected only a lower amount for the A3 adenosine-receptor, through the antibody used, it seemed that PH and/or adenosine did not have significant effects in the liver amount for this receptor (Fig. 6) . Adenosine administration to shamoperated controls did not significantly modify the expression for adenosine receptors (not shown).
DISCUSSION
Adenosine is considered an autacoid, that is, a molecule with diverse biological roles, and probably acts as a physiological regulator of liver metabolism (Chagoya de Sánchez, et al. 1991) . This nucleoside has interesting pharmacological effects on rat liver, increasing liver ATP levels and energy charge in vivo (Chagoya de Sánchez, et al. 1972) , and stimulating mitochondrial oxidative metabolism in naïve rats (Hernández-Muñoz et al., 1987) . In addition, adenosine administration to cirrhotic rats improves liver function, reduces collagen accumulation, and maintains cell energy availability (Hernández-Muñoz et al., 1990; 1992; 1994) , then reversing rat cirrhosis by stimulating the lost cell proliferative potential (Hernández-Muñoz et al., 2001 ).
Therefore, the present study has been an attempt to extend our understanding of the nature of the underlying mechanisms participating in the nucleoside-induced stimulation of liver cell proliferation. Here, adenosine accelerated and increased PHinduced rat liver regeneration (Table 1, Figs. 1 and 2 ), probably by impacting on the timecourse of cell cycle regulation. Indeed, the PH-induced pattern of cyclins expression was changed by adenosine (Fig. 3) , as well as the nuclear amount for p21 and p27 cip/kip proteins. Protein p21, a cell cycle inhibitor, is reversibly linked to the cyclin D1/cdk-4,6 complex in the cytoplasm and it moves further into the nucleus, correlating with cyclin D1, while enhancing expression of p27 in PH-animals, which suggests that this acceleration in the cell cycle is still strictly maintained under regulation (Fig. 3) . The p21 is induced during the prereplicative (G1) phase being maximally expressed at the onset of hepatocyte DNA synthesis, while p27 is present in quiescent liver and was minimally induced after PH (Albrecht et al., 1998) . Then, our results indicate that adenosine administration to rats subjected to one-third PH, elicited a response which would be expected in animals subjected to larger hepatectomies (two-third PH). Therefore, results agree with the statement that p21 regulates the rate of progression through G1 phase of the cell cycle in vivo (Albrecht et al., 1998) . Then, it seems that the nucleoside is not a mitogen by itself, but rather that it exerts a controlling action on cell cycle progression. Adenosine seems to shorten the G1/S phase and the time required for cell division during liver regeneration, probably involving cyclins participation (Ehrenfried et al., 1997; Schwabe et al. 2003) .
Moreover, Rb phosphorylation is a well-known point of proliferation control, and adenosine treatment seemed to downregulate it, once liver has reached the optimal time for cell division. Although a careful characterization of this issue is needed, this checkpoint (directly or indirectly) could be a potential target for adenosine actions, since pRb downregulation followed a profile quite similar to that of nuclear E2F proteins (Fig. 4) .
Despite the E2F transcriptional factors family includes proteins acting as inhibitors of cell proliferation, the E2F-1, 2, or 3 overexpression can drive quiescent cells to a proliferative state (Trimarchi and Lees, 2002) . Adenosine changed the expression of E2F-1 and E2F-3 (Fig. 3) , probably accelerating cyclins expression and committing hepatic cells into an active cell cycle. Despite the dual role of E2F-1 reported during rodent liver regeneration (Conner et al., 2000; Stanelle and Pützer, 2006) , adenosine might promote an early onset of liver proliferation consequently to E2F-1 nuclear accumulation. E2F-1 seems to play an important role in cell-growth control during periods of robust proliferation, whereas an early increase of transcriptional active E2F-3 appears after two-third PH. However, the time- course of liver expression of these transcriptional factors is unknown after one-third PHinduced rat liver regeneration. Indeed, our data revealed a lack of temporal correlation between E2F-1 and E2F-3 in the present experimental model (Fig. 4) . Since adenosine accelerated liver proliferation while exclusively enhanced nuclear levels of E2F-1, this confers more importance to this factor in controlling liver regeneration.
Given the vasodilator role of adenosine in liver circulation (Lautt et al., 1985) , we think that the nucleoside may change the bio-availability and/or distribution of growth factors in the regenerating liver. Among them, the HGF have been identified as the major mitogens able to overcome the restriction point in G1 of hepatic cells during liver regeneration (Michalopoulos and De Frances, 1997; Michalopoulos and Zarnegav, 1992) .
In fact, the HGF is described as a complete mitogen, and has been proposed as one the main controlling-steps during liver regeneration (Kaibori et al., 2003; Okajima et al., 1997) .
Here, adenosine did not significantly modify the PH-induced changes on serum levels for TGF-α and for EGF (data not shown), but the nucleoside did increase the serum and hepatic levels of HGF correlating with increased expression of its receptor, the c-met, but a later times (Fig. 5) . In the liver, participation of the protease HGFLA is necessary to cleave single chain HGF into its active heterodimeric form (Miyazawa et al., 1994) . It was also interesting that sham-operated receiving adenosine showed increased serum levels of HGF. This could mean that adenosine directly induces production and/or release of this growth factor, then constituting an issue to further study, especially focused at addressing to identify the still non-identified liver cells that produce HGF for longer times, such as we are found in the animals with CCl 4 -induced micronodular cirrhosis (unpublished data). We found that HGF levels were increased by adenosine administration after the onset of maximum DNA synthesis, which could argue that HGF is not playing an important role in adenosine's effects. However, since time-course of HGF expression after one-third PH is not well known, we can speculate that early decrease of HGF and c-met levels, induced by adenosine, is due to a downregulation of this transcriptional factor, at the onset of DNA synthesis (Fig. 5) ; moreover, the later increase of HGF levels promoted by the nucleoside could be more related to other HGF actions (enhanced intrinsic defense system, attenuation of liver inflammation, necrosis, and apoptosis), which have been previously described (Fausto, 2000) .
The expression of cyclins D1 and E largely depends on expression of the c-jun proto-oncogene (Ehrenfried et al., 1997; Schwabe et al., 2003) . Indeed, a clear connection between cell cycle cyclins and the proto-oncogenes expression has been established during liver regeneration (Schwabe et al., 2003) ; here, we found that adenosine decreased early the amount of c-fos (Fig. 6 ). These results could be an indirect evidence of altered transcriptional factor AP-1 formation, although the nucleoside accelerated cell cycle G1/S phase transition. Therefore, adenosine could promote an earlier translocation of cyclin A and B1 into the nucleus, accelerating mitosis only in primed growing cells.
The c-myc proto-oncogene is one of main controls of cell proliferation in both adult liver regeneration and fetal growth (Sanders and Gruppuso, 2006) . Here, adenosine administration up-regulated c-myc expression very early after surgery (30 minutes), even in control animals (Fig. 6 ). This adenosine-induced c-myc up-regulation could be the main mechanism underlying its actions, since c-myc is a potent inducer of DNA synthesis (Conner et al., 2003; Sheen and Dickson, 2002) , involved in the generation of polyploid cells during carcinogenesis (Santoni-Rugiu et al., 1999) . Although deletion of c-myc does not impair mice liver regeneration (Li et al., 2006) , its overexpression is associated with enhanced proliferation (Santoni-Rugiu et al., 1999) . Therefore, adenosine could enhance DNA synthesis through c-myc up-regulation, facilitating the G1/S transition controlled by Rb/E2F checkpoint.
In the liver tissue, a certain adenosine amount is maintained in the extracellular medium (Pastor-Anglada et al., 1998) A2b and A3). Despite liver amount for adenosine receptors did not significantly change under our experimental conditions, it is not possible to definitively rule out participation of its receptors in adenosine actions. In fact, hepatocytes can be stimulated to proliferate in vitro through stimulating the purinergic receptor P2Y with ATP and involving participation of AP-1 and cyclin D1 (Thevananther et al, 2004) , which has lead to suggest that extracellular ATP is a hepatic mitogen (Thevananther et al, 2004) . Adenosine administration increases liver ATP and promotes a more oxidized redox state (NAD/NADH redox pair) in naïve rats (Chagoya de Sánchez et al., 1972; García-Sáinz et al., 1980) , and also restores energy availability in the rat cirrhotic liver (Hernández-Muñoz et al., 1990 , 1994 . Whether adenosine accelerates cell cycle progression in the regenerating liver by enhancing energy and redox potentials, is a current issue under study by our group.
In conclusion, adenosine administration to rats subjected to one-third PH not only accelerates cell proliferation, but also increases the rate of cell mitosis. This accelerated liver hyperplasia induced by the nucleoside is highly regulated, and seems to be dependent mainly on coordinated expression of c.myc, E2F. and cell cycle cyclins, associated to long-lasting levels of serum and liver HGF. Adenosine effects could be closely related to enhancing hemodynamic flux and metabolic changes in the proliferating liver, probably through interactions with its receptors and/or through purinergic receptors, involving a mechanism similar to that reported for ATP. 
